Background: There are rare quantitative fiber density measurement techniques based on voxel measure changes of each corpus callosum (CC) subsegment with age. Purpose: To observe the regularity of corpus callosum development in normal aging from subvoxel to macroscopic volume. Study Type: Retrospective. Subjects: In all, 131 healthy volunteers divided into six age groups. Field Strength/Sequence: 3T MR with 32-channel head coil T 1 -3D and diffusion-weighted imaging with six b-values in a 30 directions sequence. Assessment: Track-density imaging (TDI) was used to visualize the complexity and the differences occurring in corpus callosum (CC) with age. TDI were reconstructed with a higher spatial voxel resolution of 0.1 mm subvoxel; TDI values are recognized as a subvoxel metric of real tract density. We reconstructed track density maps by using probabilistic streamline tractography combined with constrained spherical deconvolution. The CC was segmented into five subregions, and TDI, volume, and fractional anisotropy (FA) of each subregion in all the groups were measured using T 1 W-3D images and compared. Statistical Test: Polynomial regression was done to between age and (CC1, CC2, CC3, CC4, CC5) of TDI/volume/FA. Multiple comparisons test two-way analysis of variance (ANOVA) were used to compare the differences between different age groups and sex groups in each subregion. Fisher's least significant difference test was used for the correction of the multiple comparisons. Results: From the 20-70 age groups, TDI values of CC2, CC3, and CC4 increased until 40 years, when they were highest, and then decreased. CC2 (7.35556, 7.56587, 8.06036, 7.53841, 6.6956, 6.56494), CC3 (7.75372, 8.41447, 9.13178, 8.72605, 7.50106, 5.69513), CC4 (8.63414, 9.1518, 9.22451, 9.03154, 8.11556, 7.1967). There was a significant difference in the CC3 TDI between the 50/60 years groups and the 60/70 years groups (P 5 0.03853 and 0.00285, respectively). The volumes of CC2, CC3, and CC4 increased between 30 and 50 years and decreased between 50 and 60 years, CC2 (0.06557, 0.07244, 0.08062, 0.07353, 0.08576, 0.06294), CC3 (0.03421, 0.03867, 0.03891, 0.03916, 0.03058, 0.03658), CC4 (0.0242, 0.01948, 0.02445, 0.02887, 0.01938, 0.01956). FA of CC2, CC3, and CC4 decreased between years 40 and 60
clinically manifested as a lack of logical expression, low analysis ability, low problem-solving ability, and social and cognitive dysfunction. Degeneration of the CC may cause Alzheimer's disease (AD) or Marchiafava-Bignami disease, of which the main clinical manifestations are progressive dementia and lethargy. [4] [5] [6] [7] Evidence suggests that a variety of abnormalities detected in the microstructure of CC can be an early event in AD pathology. 6 In the elderly, the volume of the CC shrinks and the internal number of fibers decreases. Histological changes including demyelination, shortening of nerve fibers, decrease in fiber tightness, and expansion of extracellular spaces that occur in the white matter as the nerve fibers decrease. CC has been the target of extensive studies, indicating that its morphology may be related to degeneration or disease of CC. 2, 8 Previous studies mainly focused on overall CC volume / fractional anisotropy (FA) changes. But the changes in each CC subsegment with age are uneven and related to different brain lobes. [4] [5] [6] According to the most common CC morphometry segmenting method introduced by Hofer and Frahm, 9 the five subsections of the CC were (CC1/CC2/ CC3/CC4/CC5); it is believed that the five subsections may be related to different anatomical structures; projections of the anterior segment of the CC (CC1) mainly contain fibers of the prefrontal cortex. The second segment (CC2) consists of fibers crossing between the premotor and supplementary motor cortex. The third segment (CC3) has motor cortex projections. The fourth segment (CC4) is made up of fibers projecting to sensory areas of the parietal lobe. The most posterior segment (CC5) contains fibers of the parietal, temporal, and occipital lobe. 9 Studies generally concluded that: anterior CC regions were associated with interhemispheric inhibition in situations of semantic and visuospatial competition, and posterior CC areas were associated with interhemispheric facilitation redundancy information at the visuomotor and cognitive levels. 2, 10 In this study, a segment method was used to try to explore each subsections of CC changes with age. Is there any technique that could detect microscopic changes of nerve fibers before CC macroscopic volume changes are observed? Traditionally, diffusion tensor imaging (DTI) was always used in the white matter fibers studies. But DTI cannot identify such features as crossing fibers at the commonly used spatial resolutions. 3 Super-resolution track-density imaging (TDI) is based on the fiber-tracking model, and is able to visualize white matter bundles with different orientations. TDI is able to provide subvoxel fiber tract information from multiple-direction diffusion magnetic resonance imaging (MRI) data. 10 Developed as a novel technical application to detect cross-fibers, TDI technology can provide quantitative fiber density measurement per unit volume of nerve fibers in the study of white matter. The Calamante et al studies concluded that structures obtained by TDI super-resolution do not generate artifacts, which was proved using in vivo 7T diffusion data, in silico data, and myelin and ex vivo mouse Nissl histology. [10] [11] [12] Previous studies have compared TDI maps and myelin/Nissl histology using ex vivo mouse data, and verified its reliability. 13, 14 However, TDI technology is rarely applied to the CC from a healthy population. 15 There are no quantitative fiber density measurement techniques based on voxels that clearly quantitate changes of each CC subsegment with age. In this study, TDI was used to try to observe the regularity of CC development in normal aging from the subvoxel level, and try to find out whether TDI could detect aging-related subtle alterations earlier than the FA value and morphological changes. After studying the healthy population, super-resolution TDI of CC could have an important role in the differential diagnosis of CC aging changes and CC disease.
Materials and Methods

Study Design
This study enrolled 131 health volunteers, divided into six groups according to age: 20 years, 30 years, 40 years, 50 years, 60 years, and 70 years. All participants underwent T 1 -3D and diffusionweighted imaging (DWI) with six b-values; 30 direction sequences were done at 3T MRI with a 32-channel head coil. TDI/FA/volume of each CC subsegment results were compared. 
Subjects
This study was reviewed and approved by the Ethics Review Board of the Shanghai 6th People's Hospital Affiliated with Shanghai Jiao Tong University. Written informed consent for the use of data was obtained prior to MRI scanning from the volunteers.
After excluding three patients with artifacts, we recruited 131 healthy volunteers (69 male, 62 female; Table  T1 1) for this study. Volunteers' age ranged from 21- ; matrix size 128 3 128; and slice thickness, 2 mm; number of slices: 25. Parallel imaging with GRAPPA factor 3 was used.
TDI Diffusion Image Processing
The superhigh-resolution fiber TDI images were generated from a fiber-beam tracing pattern based on multiple-direction diffusion images. TDIs were reconstructed using a high spatial voxel resolution of 0.1 mm subvoxel, and was proportional to the fiber bundle passing through the corresponding voxel; this means that TDI values are recognized as a subvoxel metric of real tract density. The DWI sequence used in this study took about 10 minutes, 10 seconds, containing six b-values (b 5 0, 500, 1000, 1500, 2000, and 2500); except b 5 0, the direction of each b-value was 30. Parallel imaging with GRAPPA factor 3 was used in this study. The tracking density (TD) map was calculated from multishell DWI images. The steps to calculating the TD map included: 1) preprocessing including brain masking, DWI noise estimation, DWI distortion correction, B1 bias correction, and intensity normalization; 2) then a fiber orientation distribution (FOD) estimation map was generated by a multitissue constrained spherical deconvolution with a group response function estimated from all subjects; 3) the FOD images were registered to the FOD template and then the apparent TD was generated in a template space (SIFT was applied to the whole-brain streamlines reconstruction). Postprocessing and reconstruction were performed using the MRtrix package (http://www.mrtrix.org/). Finally, based on the multiple-directions, a 0.1 mm equal voxel spatial resolution fiber bundle density map (TDI) was generated ( (Fig. 3 ). The Hofer scheme employs four coronal subdivisions located, from anterior to posterior, at 1/6, 1/2, 2/3, and 3/4 of the total length of the CC. These subdivisions divide the CC into five sections ( Fig. 3) representing the genu, the anterior part of the midbody, the posterior part of the midbody, the isthmus, and the splenium.
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CC Midline Sagittal Volume and FA Measurement
The midline sagittal cross-sectional surface area of the CC was reconstructed from the T 1 -3D images and MRI data using the Slicer software. Mid-sagittal sections were identified relative to the interhemispheric fissure in sagittal, horizontal, and coronal views. CC midline sagittal volume and FA subdivision section calculation methods were the same as those used for TDI using the Slicer software.
Statistical Analysis
The goal of our study was to explore changes in TDI/volume/FA in different age groups. All these values were extracted in five subregions of CC the (CC1,CC2,CC3,CC4,CC5). No interaction of age or sex factor (TDI/volume/FA of CC1/CC2/CC3/CC4/C5, interaction of age and sex are all P value 0.2354) was observed when a multiple comparisons test with twoway ANOVA was used to compare the differences between different age groups and sex groups in any each region. Age groups and sex groups are two factors analyzed by two-way ANOVA. Fisher's least significant difference test was used for the correction of the multiple comparisons of a two-sample t-test comparison of TDI/ volume/FA values among the different age groups. P 0.05 was considered a significant difference.
Results
Subjects
F1
were divided into six groups according to age, as follows 
TDI Results and Polynomial Fitting Results With Age
Based on TDI, there were no differences in the CC1 between groups, except between the 50 and 60 years groups (P 5 0.04546). The TDI value decreased beyond 60 years. TDI values of CC2, CC3, and CC4 all increased until 40 years and then decreased. The TDI values were highest at 40 years. The polynomial regressions of CC2, CC3, and CC4 formed anti-U-curves. However, there was no difference in CC2 TDI between the 40 and 50 years groups, or the 50 and 60 years groups. There was a significant difference in the CC3 TDI between the 50 and 60 years groups and the 60 and 70 years groups (P 5 0.03853 and 0.00285, respectively). Thus, CC3 TDI increased rapidly between years 30 and 40, and decreased after the age of 40, rapidly at the age of 50. The TDI values of CC5 showed a contrasting curve exhibited by CC2, CC3, and CC4; TDI decreased until 40 years and subsequently increased with age. CC5 formed a U-curve, which first decreased, then showed F5 F6 an increase through the 50, 60, and 70 years groups (Fig. F7 F8 5-8, Table 1 ).
Volume Measurements and Polynomial Fitting Results With Age
In the CC1, there were no obvious differences in volume between adjacent age groups (P 5 0.95357, 0.26876, 0.74853, 0.54013, and 0.36073, respectively). The CC2 showed clear differences in volume only between the 60 and 70 years groups (P < 0.001). CC2 volume increased until 60 years, and then decreased; but there was also a slight decrease in CC2 volume in the 50 years group. The polynomial regressions of CC2 showed a similar result. The CC3 showed clear differences in volume only between the 50 and 60 years groups (P 5 0.00797). The CC3 volume decreased significant between the 50 and 60 years groups, and subsequently increased slightly from 60-70 years. CC4 volume showed differences between the 20 and 30 years groups, 30 and 40 years groups, 40 and 50 years group, and 50 and 60 years groups (P 5 0.0059, 0.00454, 0.01216, and < 0.001, respectively). CC4 volume showed differences with age, and increased between years 30 and 50, then decreased between 50 and 60 years of age. The polynomial regressions of CC4 FIGURE 4: The ROIs outlined on T 1 W MPRAGE were transferred to TDI. The shape of the CC changed with age.
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FIGURE 5: The 0.1-mm equal voxel spatial resolution fiber bundle TDI of a 25-year-old man were generated, including axial, coronal, and sagittal TDI images. Postprocessing and reconstruction was performed using the MRtrix package.
FIGURE 6: The 0.1-mm equal voxel spatial resolution fiber bundle TDI of a 65-year-old man were generated, including axial, coronal, and sagittal TDI images. Postprocessing and reconstruction was performed using the MRtrix package. showed a similar result. There were no significant differences in CC5 volumes of adjacent age groups (Figs. (7 and 8), Table  T3 3).
FA Data and Polynomial Fitting Results With Age
CC1 FA showed a slow decline with age; however, a significant difference was only observed between the 60 and 70 years groups (P < 0.001). CC2 and CC5 FA showed curves similar to a platform-type curve until the 50 years group and subsequently decreased significantly at 60 years (P 5 0.01258, P < 0.001, respectively). CC3 FA showed a slight increase until 40 years, and then decreased. A significant difference was observed between the 60 and 70 years groups (P 5 0.02068). CC4 FA showed a slightly waved curve, and a significant decrease in the 60 years group (P 5 0.0019; Figs. (4 and 5), Table  T5  5 ). The polynomial regressions of CC1/CC2/CC3/CC4/CC5 showed similar results (Figs. (7 and 8) ).
Gender Differences
Only CC1 showed a larger volume in female subjects (P 5 0.00878). CC2, CC3, CC4, and CC5 of male and female subjects showed no significant differences in volume, FA, or TDI (Tables  T2 T4  T6  (2-6) ).
Discussion
In this study we used the TDI technique to detect differences in five segments of the CC between several subject groups that were 10 years apart in age. TDI showed CC changes earlier and more accurately than volume or FA value; CC2/CC3/CC4 increased from 30-40 yeas, then decreased from 40-50 years.
Recently, TDI was proposed as a means to obtain super-resolution DWI data. [10] [11] [12] The Calamante et al studies exploited the continuous nature of dense tractograms consisting of a very large number of tracks. [10] [11] [12] Moreover, fibers can be visualized at even smaller reconstructed voxel size, even when TDI is applied to white matter with different fiber orientations. Because the CC consists of fibers with different orientations, TDI was used to measure differences in different parts of the CC with age. The subvoxel images obtained using TDI could reflect anatomical information of brain structures, to some extent, and TDI could be used to create high-quality whole-brain track density maps with better anatomical and spatial information. 10, 11, 13, 14 In this study, TDI was used to elucidate the complexity and differences in the CC with age. The FA value only indirectly reflects CC nerve fiber bundle differences. The FA value reflects the anisotropy and the degree of dispersion of water molecules, which are usually likely to disperse along nerve fiber bundles, and rarely disperse in a direction perpendicular to the nerve fiber bundles.
In the course of aging, because of CC nerve fiber degradation, water molecules diffuse anisotropic changes, which are reflected in FA value differences.
3 FA-based calculations do not account for surrounding structures or represent a specific marker for fiber density or myelination. 3 The degeneration of white matter fiber bundles is one of the main characteristics of the aging process. 9,17,18 TDI reflects differences in fiber per unit volume, 10, 12 and its main advantage is that it could overcome the quantitative inaccuracies caused by crossings of the fibers in the voxels and the structure of the CC, where a large number of fibers cross. In this study TDI and CC volume increased until the age of 40 years. This result is consistent with previous findings; there has been evidence that the maturation of the human brain is continuous through adolescence, and even over 20 years old. 19 Some studies concluded that whitematter fibers, such as the CC, continue to develop in terms of size well into adulthood. 19, 20 Bartzokis et al concluded that frontal lobe white matter clearly peak and plateau at 40 years. 21 In subjects under 40 years of age, TDI becomes higher with age. After 40 years of age, a reduction of nerve fibers and demyelination occurs, nerve fibers become shorter, fiber tightness decreases, and expansion of extracellular space and other differences in adult white matter TDI and FA values. This change was particularly significant in the CC2, CC3, and CC4 domains. The TDI and FA values of the CC decrease with age. Because of white matter maturity and aging processes, the CC fiber number and anisotropy change. While assessing the effects of disease, these agerelated physiological differences should be considered, especially in the elderly. We assumed that the differences observed were agerelated CC microstructural alterations or preexisting volume differences due to age. TDI value of CC2, CC3, and CC4 all increased until 40 years of age and then decreased. TDI had the highest values around 40 years of age. The polynomial regressions of CC2, CC3, and CC4 yielded anti-Ucurves. TDI of CC2, CC3, and CC4 decreased significantly with age, indicating atrophy in the motor cortex and sensory areas of the parietal lobe.
These studies show that even subtle degradation of the CC can be related to deficits in the transfer of information between the hemispheres, as the posterior callosal areas associated with interhemispheric cognitive levels. 19, 22 This study is consistent with these studies in CC3/CC4 TDI polynomial fitting and have anti-U-curves with age. After 40 years old, CC3/CC4 TDI decreased with aging. But there are few studies about exactly how each subregion changes with age. This study could be basic research for future research.
The methodology reported in this study has the following disadvantages: the acquisition parameters, different TDI directions, different b-values, and image quality could affect the accuracy and precision with which fiber orientations are estimated in a voxel, such as 25 or 30 directions, two b values (0, 1000) or five b values (0, 500, 1000, 1500, 2000, 2500) may result in different TDI values. In this study, the consistent MR parameters (30 directions and five b values) was used to try to lower this effect.
In conclusion, age-related differences in CC TDI, volume, and FA measures consistently coincided with agerelated structural differences in the brain. Normal aging in the CC structure could be quantitatively assessed using MRI techniques. This study was designed to measure the volume of the CC in the normal population and the TDI values of the five segments of the CC in groups of individuals where the average age of each group differed by 10 years, and to study age-related differences in the CC, before reduction of CC volume occurred. The TDI results showed CC nerve fiber degeneration and necrosis. Thus, the super-resolution TDI methodology could have an important role in neuroscience, and further investigation of TDI and its use in studies on age-related differences in other white and gray matter are warranted. Long-time follow-up longitudinal studies are also needed to explore more details.
